We report direct laser fabrication of free-standing 3D structures in a sol-gel photo-polymer SZ2080, poly(ethylene glycol) diacrylate (PEG-DA-700) and thermo-polymer polydimethylsiloxane (PDMS) without use of two-photon absorbing photo-sensitizers. By estimating the multi-photon and avalanche ionization rates in the focal volume it is shown that bulk structuring of pure materials was achieved via a controlled avalanche. It is shown that several non-photosesitized materials can be combined for fabrication of composite material structures evoking a possibility to create non-toxic biocompatible scaffolds for tissue engineering, transparent microoptical elements and higher damage threshold photonic devices.
INTRODUCTION
Direct laser writing with ultra-short sub-1 ps laser pulses can reach resolution of 100 nm in all three dimensions (3D) which is well below the diffraction limit and enters the realm of 3D nanotechnology.
1 Recent in-bulk structuring of polymers showed that various photo-materials can be 3D structured with high resolution close to the light wavelength ∝ λ 0 at tight focusing conditions (numerical aperture N A > 1) with pulse durations ranging from nanoseconds to femtoseconds and even a continuous wave (cw) illumination can be used for 3D photonic crystal fabrication. [2] [3] [4] [5] Moreover, despite the pulse duration t p changing over incredible 6 orders of magnitude in the case of pulsed irradiation, the pulse energy E p and the exposure dose is usually within the same order of magnitude. 4, 5 The 3D structuring initially branded as a two-photon polymerization 6, 7 now can be explained by a controlled thermal and avalanche absorption (both are linear processes) at well controlled exposure conditions. 8 Recent reports show a coherent quantum control and its employment for shaping the polymerized features. 9 The exposure doses used in 3D structuring of polymers are in the range of a therapeutic and not surgery regime of live tissue, 10 which makes 3D structuring appealing for biologic and medical applications.
Better understanding of 3D laser structuring is still required since changes of the pulse duration over several orders of magnitude in polymerization is not compatible with the multi-photon absorbtion as a dominant mechanism, however, could be explained by domination of avalanche processes in bond breaking and polymerization. 5, 11 Indeed, it was already demonstrated that even one photon absorption at tight focusing can deliver 3D polymerization.
2 Also, a direct plasma emission (a black body radiation) into the absorption band of polymers at 2-3 µm window was consistent with size scaling of polymerized 3D structures in SU-8 using fs-laser irradiation.
12
With an increasing popularity of sol-gel synthesized resists, photo-initiators can be easily chosen and mixed with resist for tests of polymerization mechanisms by fs-laser pulses. [13] [14] [15] It was shown that the highest resolution
r ' , ii of 3D structuring is achieved in pure organic-inorganic SZ2080 resist without photo-initiator 11, 16 believed to be essential for the nonlinear absorption-induced nanostructuring.
17
Here we show how a controlled avalanche ionization driven by ultra-short laser pulses can be used for pinpoint high spatial resolution direct laser structuring in various pre-polymer materials without the use of photoinitiators.
EXPERIMENTAL
We used hybrid organic-inorganic Zr containing SZ2080 (IESL-FORTH), 13 poly(ethylene glycol) diacrylate of MW = 700 (PEG-DA-700: Sigma Aldrich) and polydimethylsiloxane (PDMS: Sylgard 184, Dow Corning) polymers as received, without adding any photo-or thermo-initiators. This allows production of 3D microstructures free from an undesired light absorbtion and cytotoxic ingredients. 18, 19 Samples were prepared by drop casting of resin on a standard 150-µm-thick cover glass. Prebake at 75
• C for 45 min was applied for the SZ2080 sol-gel resist. After laser irradiation, SZ2080 and PDMS samples were submerged into a 4-methyl-2-pentanon bath for 30 min and PEG-DA-700 into water for 20 min to develop the fabricated structures. Either no metal coating or a 10 nm of Ag was used for structural inspection by the scanning electron microscope (SEM: Hitachi TM-1000).
A 3D polymerization was carried out using fs-laser (Pharos, Light Conversion) delivering 300 fs duration pulses at a 200 kHz repetition rate. Both, fundamental 1030 nm and second harmonic 515 nm irradiation were used for SZ2080 fabrication, while PEG-DA-700 and PDMS were structured at 515 nm wavelength. Objectives with different numerical apertures (NA=0.65, 0.8, 0.95, 1.25, 1.4) were employed for beam focusing and are specified where applies. The polymerization trajectory was controlled using xy-galvanometric scanners (SCANLAB hurrySCAN II 10) and a sample translation system Aerotech ALS130-100 (X,Y-axes) with ALS130-50 (Z-axis) linear motion stages ensuring a ∼10 nm object positioning precision (assembled by Altechna R&D). A 3DPoli software was used for the control and automation of sample processing.
20 Detailed description of the setup can be found elsewhere.
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ESTIMATION OF THE IONIZATION RATES
In this section we present estimations of electron generation rates determined by multi-photon absorption and avalanche for the different structuring conditions. Basic scheme of these mechanisms is shown in Fig. 1 . The Figure 1 . Basic scheme of different electron generation mechanisms in dielectric or semiconductor. 1 -multiphoton absorption: several (two in the shown example) photons are simultaneously absorbed by an electron; 2 -electron multiplication by impact ionization: electron absorbs photons thus gaining enough energy to raise another electron to the conduction band; 3 -the before mentioned process repeats itself creating an avalanche ionization. calculated values offer deeper insight into the dominating mechanisms of free radical generation. The multiphoton absorption and avalanche rates of electron multiplication w mpi and w imp , respectively, are given by:
where n ph = ∆E/( ω) + 1 is the number of photons required for direct absorption (truncated to an integer) with ∆E being the band-gap of material, is reduced Plank's constant, ω = 2πc/λ is the cyclic frequency of light of wavelength λ, e is the electron charge, and c is the speed of light. The electron quiver energy
4mω 2 with the electrical field strength defined by intensity/irradiance, I p , as E = I p /(cε 0 n), where ε 0 is the vacuum permittivity and n is the refractive index of the host material. I p is the peak intensity, calculated using I p = T ×2Pav frtpS (T -objective's transmittance, P av -average laser power, f r -pulse repetition rate, t ppulse length, S -focal spot area). The electron-ion interaction is governed by the electron-phonon momentum exchange rate ν e−ph 6 × 10 14 s −1 ; 11 the exact value was not critically important for this qualitative estimation of the mechanisms discussed here.
With the multi-photon absorption and avalanche rates estimated by Eqs. (1) and (2) it is possible to calculate the rate of free electron generation, hence, the rate free radicals (broken chemical bonds) are created:
where n e is free electron density (available only for the avalanche multiplication) and n a is the atom density (available only for the multi-photon ionization). Solution of the Eqs. (3) is following:
This equation allows to follow explicitly temporal evolution of ionization for the known temporal intensity envelope I(t); 24 here n e0 is the initial (dark) electron density in material ∼ 10 10 cm −3 .
When second harmonic excitation is used, effects of long ns-background are suppressed which otherwise can significantly alter the avalanche ionization since the avalanche rate scales as ∝ λ 2 (Eqs. (2)).
RESULTS AND DISCUSSION
3D polymerization: structuring without photo-initiators
Here we show femtosecond laser induced 3D polymerization when photo-initiators are not used and estimate ionization rates according to formulae given in Sec. 3 at different wavelengths and exposure conditions. The detailed experimental conditions are presented in refs.
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The SZ2080 resist without a two-photon absorbing initiator can be 3D structured with high resolution and good structural quality by fs-laser pulses.
11 The avalanche rate is several orders of magnitude higher as compared with the multi-photon (4-photon) ionization in the case of λ l = 1030 nm fs-laser pulses. Photonic crystal structures with log's lateral cross section d 300 nm were fabricated at 1030 nm wavelength and retrieved after a wet-bath development ( Fig. 2(a) ). Resolution can be improved by up to 40% using a critical point dryer 26 which prevents a capillary collapse 27 or by adjusting proper laser writing direction.
28
Two-photon absorption of SZ2080 (without a photo-initiator) at the second harmonic λ l = 515 nm irradiation is expected to be efficient due to λ l = 0.7λ g 11 (λ g is the wavelength of direct absorption). However, at the employed high intensities the avalanche prevailed in 3D polymerization of structures shown in Fig. 2 then development, and subsequent uniform UV exposure. This delivers up to a 100 times faster fabrication of simple shapes of micro-optical elements such as lenses and prisms.
30
Laser structuring of bio-compatible polymers and elastomers with laser direct write is expected to find wide field of applications. 25 Scaffolds could be formed in pure SZ2080, PDMS and PEG-DA-700 (the latter also being bio-degradable) making them bio-compatible due to the absence of photoinitiators. What is more, PDMS was laser structured without the use of a photo-initiator at throughput higher than reported earlier 31 (see, Fig. 3(b) ) progressing towards efficient fabrication required for practical bio-medical applications.
10, 19, 32
We found ( Table 1 ) that avalanche is much more efficient in ionization and bond opening, which is required for cross-linking of PDMS as compared with a 3-photon ionization at the used 515 nm irradiation (for rate comparison see Sec. 4 
.2).
Also, several non-photosensitized materials can be combined in one structure as shown in Fig. 4 . This allows a creation of composite scaffolds which are not only biocompatible due to the absence of photo-initiators, but also offer several biological functionalities including biostability or biodegradation (depending on the materials used). 33 Several active optical functions incorporated into one element was reported just recently. 34 What is more, a combination of rigid/soft materials can be beneficial by giving the soft material enough support to not collapse (see Fig. 4(c) ). The potential of composite scaffold approach could be applicable for single or multiple cell adhesion, migration, proliferation and differentiation mechanism study in 3D as well as suggesting the answer for best material chemistry and architecture combinations for scaffold needed in tissue engineering and regenerative medicine.
35-37
Estimation of multi-photon and avalanche ionization rates
Let us evaluate the values of w mpi and w imp for the used polymerization of undoped PDMS, SZ2080 and PEG-DA-700. For both PDMS and PEG-DA-700, a strong absorption starts at λ g 225 nm or J i = 5.5 eV and is considered as a direct absorption transition; in case of SZ2080 λ g 325 nm (J i = 3.8 eV). Estimation of the ionization rates are given next for the typical conditions used in experiments.
In PDMS for the typical E p = 2 nJ at N A = 1.25 focusing (Fig. 3(b) ) the avalanche is very efficient as compared to multi-photon ionization: w imp 1.8 × 10 12 s −1 and w mpi 8.7 × 10 6 s −1 ; refractive index n = 1.4. Very similar values are for the same fabrication conditions in PEG-DA-700 (E p = 2 nJ at N A = 1.25, Fig. 3(c) ): the avalanche rate is w mpi 7.51 × 10 6 s −1 and w imp 1.71 × 10 12 s −1 ; refractive index n = 1.47.
In the most narrow bandgap material SZ2080 at the laser wavelength λ 0 = 515 nm, the ionization by a twophoton process n ph = 2 is expected according to the favorable λ l = 0.7λ g 11 conditions; refractive index n = 1.45. Thus for E p = 1.75 nJ (Fig. 3(a) ) the ionization rates are: w mpi 9.59×10 10 s −1 and w imp 7.11×10 12 s −1 . At 1030 nm (4 photon process) for the highest resolution structures in SZ2080 obtained with N A = 1.4 objective lens and E p = 16.5 nJ, the difference between the two ionization mechanisms is much higher: w mpi 3.48 × 10 7 s −1
and w imp 1.51 × 10 13 s −1 (Fig. 2(a) ).
In all analyzed cases the avalanche is a prevailing ionization mechanism (in an energy contribution meaning) up to the dielectric breakdown when ν e−ph c/λ (see, Table 1 ). 
Nano-rough surfaces
Combination of two polymers with different Young modulus in the scaffold opens possibility to tune mechanical properties of the structure by control of the volume fraction of the each polymer as discussed above. Sol-gel
Proc. of SPIE Vol. 8972 89721O-5 organic-inorganic polymers such as SZ2080, ORMOCER, ORMOSIL, etc.,are already mixtures themselves. In the case of SZ2080, inorganic silica-zirconium glassy and rigid host, which is highly susceptible to shrinkage, is softened by PMMA which takes up to 80% of the volume fraction. Figure 5 (a) shows an array of aspheric micro-lenses fabricated in SZ2080 on cover glass by fs-laser direct write at 515 nm wavelength; the resist had a photo-initiator in this case. Dry plasma etching for 30 min was used to remove inorganic part of the lens. A combined reactive ion and inductively coupled plasma etching (RIE-ICP) was carried out with a RIE-101iPH, Samco setup. Such combination of plasma etching has a directional (into the substrate) as well as isotropic capability of material removal which ensured reliable etching of organic components even from the interior of the aspheric lens ( Figure 5(c) ). The remaining mostly inorganic scaffold of the aspheric lens reveals a radial pattern of vertical nano-micro coral-like structure. Plasma etching usually changes surface and makes them hydrophilic. This can be a very useful technique for sensing applications where solutions can wet and fill 3D nano-micro patterns. Nanotexture and wettability are defining factors for bio-functional surfaces found on wings of cicadas and dragon flies and are promising for bactericidal and sensing applications. [38] [39] [40] The hydrophilic surface of plasma etched black-Si was functional as a bactericidal bio-surface of insect wings which are usually hydrophobic.
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Micro-volumetric structures with nano-gaps and nano-textured surfaces are promising for sensing applications using Raman scattering. By sputtering plasmonic metals Ag, Au, Cu onto nano-textured surfaces it is possible to deposit metal into high aspect ratio (∼ 10) patterns such as black Si 41 and measure surface enhanced Raman scattering (SERS).
42 SERS has not yet became a popular technique in bio-medical applications due to complexity of detection where high numerical aperture lenses should be employed. One can envisage that laser fabricated micro-optical lenses with nano-textured surfaces could potentially simplify SERS equipment. Micro-optical element can serve for focusing of the excitation beam as well as collection of SERS signal and can be integrated into micro-fluidic chip. 43, 44 It is worth mentioning that 3D direct laser polymerization can be performed on metallic surfaces (both opaque and reflective).
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CONCLUSIONS
The 3D photostructuring of of SZ2080, PEG-DA-700 and PDMS polymers without photo-initiators at different focusing conditions (NA=0.65-1.4) is demonstrated. Photonic crystal templates, microlenses and scaffolds were produced as sample structures as well as several composite structures. This shows a potential to produce optically transparent multifunctional and integrated micro-optical elements, 29, 47 higher damage threshold photonic components [48] [49] [50] as well as bio-compatible scaffolds 32 or microfluidic devices. 51 Though the influence of photoinitiator concentration on a polymerization rate and degree of cross linking has been investigated, 52 additional studies on monomer-to-polymer conversion under the avalanche and thermal processes for 3D polymerization requires future studies as it influences mechanical 53 and biological properties. 54 Thermal black-body emission of the laser breakdown region can provide an efficient source for direct absorption into vibrational modes of some polymers 12 and enhance polymerization. Further studies of laser polymerization using ultra-short laser pulses should reveal contributions of photo-physical and photo-chemical processes which are strongly debated in ablation studies. The question is whether the energy delivered by photons only serves as bond breaking for the free radical generation (photo-physical) or subsequent polymerization can sustain cross-linking via exothermic heat release which drives polymerization locally (photo-chemical). Since, strong contribution to heating occurs via recombination which proceeds along with avalanche, the photo physical and photo-chemical contribution are most probably mixed and should be strongly material dependent.
The analyzed cases of polymerization without the use of photo-initiators clearly shows an importance of avalanche via linear one-photon absorption and opens pathways for an additive micro-manufacturing of optical elements and bio-compatible structures. It is shown that combination of different photo-polymers can be used to engineer mechanical properties of scaffolds. Plasma etching of organic regions of fabricated structures can be used to render them hydrophilic and nano-textured. These are inviting properties for sensing applications.
